The present study has examined the role of GJ (gap junctions) in the delayed anti-arrhythmic effect of cardiac pacing, with particular reference to the time-course changes in Cx43 (connexin43) expression both after pacing (4×5 min, at a rate of 240 beats/min) and 24 h later, when the dogs were subjected to a 25 min occlusion and reperfusion of the LAD (left anterior descending coronary artery). Compared with the SP (sham-paced) controls (n = 20), in dogs paced 24 h previously (n = 16) there were reductions in arrhythmia severity [e.g. number of VPB (ventricular premature beats) during occlusion 294 + − 78 compared with 63 + − 25; survival from the combined ischaemia/reperfusion insult 20 % compared with 78%], and in other ischaemic changes [epicardial ST-segment, TAT (total activation time) and tissue impedance]. Pacing also prevented the ischaemiainduced structural impairment of the intercalated discs, and preserved GJ permeability and Cx43 phosphorylation, without modifying Cx43 protein content. Following cardiac pacing the membrane and total Cx43 protein contents were unchanged up to 6 h, but were significantly reduced 12 h later (preceded by a down-regulation of Cx43 mRNA at 6 h), and returned to normal by 24 h. Interestingly, dogs that were subjected to ischaemia 12 h after cardiac pacing showed increased arrhythmia generation. We conclude that cardiac pacing results in time-dependent changes in Cx43 expression, which may alter GJ function and influence arrhythmia generation during a subsequent ischaemia/reperfusion insult. This effect is manifested in protection 24 h after pacing, but of potential clinical interest is the finding that there is a time interval after pacing during which an ischaemic event may generate severe ventricular arrhythmias.
INTRODUCTION
Ventricular tachyarrhythmias are the main factors responsible for sudden cardiac death, which remains one of the most serious problems facing modern cardiology. Although this is a multifactorial problem, LV (left ventricular) dysfunction, electrical instability and in particular myocardial ischaemia are important predisposing factors for sudden cardiac death with substantial contribution from electrolyte balance, the autonomic nervous system and drug therapy [1] . There is much recent evidence that GJ (gap junctions), which provide fast electrical and metabolic communication between the adjacent cells, also play an important role in arrhythmogenesis [2] . Under pathological conditions, such as myocardial ischaemia, closing of these channels and thereby the discontinuation of cell-to-cell coupling results in non-uniform changes in tissue resistance [3] and directional disturbances in impulse propagation [4, 5] . This inhomogeneous conduction may initiate the occurrence of severe, often fatal ventricular arrhythmias [6] [7] [8] [9] . Since the currently used pharmacological and interventional manoeuvres of cardiology are, indeed, effective only in the hospital setting, prevention or, at least, reduction of these life-threatening arrhythmias require a search for alternative approaches to develop novel therapeutic strategies.
The concept of ischaemic PC (preconditioning) has offered such a new tool to combat the deleterious consequences of a prolonged period of ischaemia through adaptation of the heart by means of preceding, brief periods of the same ischaemic stress [10] . We provided the first evidence that PC not only reduces the ischaemic damage, but also protects against those severe ventricular arrhythmias that result from a subsequent, more prolonged period of ischaemia and reperfusion [11] . Furthermore, we have pointed out that brief periods of rapid cardiac pacing also results in early [12] and delayed [13, 14] anti-arrhythmic effects. This latter is particularly marked 24 h after the initial stimulus [14] , and can be maintained over days when the pacing procedure is repeated [15] . We suppose that this second or delayed phase of protection might have a particular clinical importance in arrhythmia prevention, since a similar long-lasting effect can also be achieved by regular physical exercise [16] .
Recent studies in large animals, such as pigs [9, 17] and dogs [18] , has revealed that uncoupling of GJ plays an important role in the generation of phase Ib arrhythmias following coronary artery occlusion, and that PC, perhaps by attenuating or delaying the uncoupling of GJ results in an anti-arrhythmic effect [17, 18] . These studies focused on the early phase of the protection; however, it is still not known whether GJ also play a part in the delayed phase of the PCinduced anti-arrhythmic effect. Furthermore, it is still not fully understood how cardiac pacing induces delayed cardioprotection; i.e. what factors or mechanisms are activated or changed during that 24 h interval which elapses between cardiac pacing and the occlusion.
Therefore we designed studies to examine these using our established canine model of ischaemia and reperfusion, in which PC was induced by rapid cardiac pacing, 24 h previously [13, 14] . We were particularly interested in the time-course changes of the expression and the cellular distribution of Cx43 (connexin43) following cardiac pacing and 24 h later, when the coronary artery was occluded. There is increasing evidence that the expression and cellular localization as well as the phosphorylation of this structural protein of GJ are changed either following a shorter [19, 20] or a longer [21] [22] [23] period of pacing. Thus we suspected that the pacing-induced alterations in Cx43 expression and distribution, through the modification of GJ channel properties, would influence arrhythmia generation during myocardial ischaemia. The results of these experiments prompted us to involve a further group in the study, in which the severity of arrhythmias resulting from coronary artery occlusion and reperfusion was evaluated 12 h after cardiac pacing.
MATERIALS AND METHODS

Surgical interventions and experimental protocol
Adult mongrel dogs of both sexes were used (mean body weight 20 + − 1 kg). The origin and upkeep of these dogs were in accord with the Hungarian law (XXVIII, chapter IV, paragraph 31) regarding large experimental animals, which conforms with the 'Guide for the Care and Use of Laboratory Animals' published by the US National Institute of Health (NIH Publication No. 85-23, revised 1996).
Cardiac pacing protocol
The cardiac pacing protocol was performed as described previously [14] . In brief, under light pentobarbitone anaesthesia (0.5 mg/kg of body weight, intravenous; Euthanyl ® Bimeda-MTC Animal Health Inc.), which allowed dogs to breathe spontaneously a catheter (Cordis 5.2) was inserted into the left carotid artery for measuring arterial blood pressure. Through the jugular vein, a Cordis F4 bipolar pacing electrode (Johnson and Johnson) was introduced into the right ventricle through which the heart was paced four times for 5 min at a rate of 240 beats/min. A total of 28 dogs were subjected to pacing (P), whereas in another group of animals (n = 32) the electrode was introduced into the right ventricle but the dogs were not paced. These SP (sham-paced) dogs served as controls. From both the paced and control groups 12 dogs were selected and divided further into four groups (each containing three animals). From these dogs, after they were killed with an intravenous overdose of the anaesthetic, the hearts were sectioned immediately (P-0/SP-0), 6 (P-6/SP-6), 12 (P-12/SP-12) or 24 (P-24/SP-24) h after the pacing or sham-pacing procedures (Figure 1) , and myocardial tissue samples were taken for biochemical analyses. Dogs that were treated by occlusion and reperfusion were allowed to recover from the surgical interventions.
Figure 1 Experimental protocol
The heart was paced through the right ventricle four times for 5 min at a rate of 240 beats/min. In four control (SP; the catheter was introduced but the dogs were not paced) and in four paced (P) groups (each containing n = 3 animals) the hearts were stopped immediately (SP-0/P-0), 6 h (SP-6/P-6), 12 h (SP-12/P-12) and 24 h (SP-24/P-24) after sham-pacing or pacing, and samples were taken to determine time-course changes in Cx43 expression. Another group of paced (P + O; n = 16) and SP (SP + O; n = 20) dogs were re-anaesthetized 24 h after pacing and subjected to a 25 min period of LAD occlusion. From these groups, nine paced dogs and 15 SP controls were subjected to reperfusion, whereas in the remaining animals (SP + O, n = 5; P + O, n = 7) the hearts were stopped at the end of the 25 min occlusion period. In addition, in nine dogs (P + O12) the LAD was occluded 12 h after cardiac pacing. Arrows indicate times when samples were taken.
200 mg/kg of body weight respectively; Sigma), intubated and ventilated with room air using a Harvard respirator (Harvard Apparatus) at a rate and volume sufficient to maintain arterial blood gases and pH within physiological limits [11] . Body temperature was measured from the mid-oesophagus, and maintained by means of a heating pad between 36.5 and 37.5
• C. A separate group of nine dogs was included later in the study; these dogs underwent the same surgical and pacing procedures but the coronary artery was occluded 12 h after cardiac pacing ( Figure 1 ).
Polyethylene catheters were inserted into the right femoral vein and into the femoral artery for further administration of the anaesthetic and to measure arterial blood pressure. The catheter, which had been inserted into the carotid artery, was now pushed into the left ventricle to detect changes in LVSP (LV systolic pressure) and LVEDP (LV end-diastolic pressure) as well as in LV dP/dt. The depth of anaesthesia was monitored by the examination of the cornea and pain reflexes as well as by the measurement of blood pressure, and when it was necessary a further bolus injection of the anaesthetic was given.
After thoracotomy the LAD (left anterior descending coronary artery) was occluded for 25 min, followed by rapid reperfusion as described previously [11, 24] . The severity of myocardial ischaemia was assessed by the measurement of changes in the degree of inhomogeneity of electrical activation and in epicardial STsegment using a mapping electrode positioned within the ischaemic myocardial region. Signals were collected from 31 unipolar electrodes (inter-electrode distance; 2 mm) at a frequency of 1 kHz, stored on a computer and analysed offline by creating activation and ST maps. Changes in epicardial activation were assessed as a time delay between the first and the last point activated under the electrode and expressed as the TAT (total activation time) in milliseconds. Elevations of epicardial ST-segment, recorded in each minute from the unipolar electrodes, were averaged and expressed in mV.
Assessment of gap junctional electrical coupling
Assessment of gap junctional electrical coupling was similar to that described in detail previously [18, 24] . In brief, four stainless steel electrodes mounted on a non-conductive panel, were calibrated in saline (0.9 %, resistivity: 71 cm), and were inserted into the left ventricular wall within the proposed ischaemic myocardial area. A subthreshold alternating current (10 μA, 8 kHz) was applied through the outer pair of electrodes, and voltage was measured between the inner electrode pair using a lock-in amplifier (SR830 DSP; Stanford Research Systems). A current frequency of 8 kHz was selected in order to detect maximal changes in phase angle without impairing the assessment of resistivity. Changes in resistivity (in · cm) and in phase angle (in • ) were recorded by a computer with an acquisition time of 4 s and plotted at 1 min intervals. To eliminate small oscillations, resulting from ventilation, five consecutive 4 s measurements were averaged at each minute.
Assessment of ventricular arrhythmias and area at risk
Ventricular arrhythmias during a 25 min coronary artery occlusion and following reperfusion were assessed according to the Lambeth Conventions [25] with modification as has been outlined previously [11] . In brief, the total number of VPB (ventricular premature beats), the incidence and the number of episodes of VT [ventricular tachycardia; defined as a run of four or more consecutive VPB at a rate faster than the resting HR (heart rate)], and the incidence of VF (ventricular fibrillation) were assessed during the occlusion period. During reperfusion, only the incidence of VF was determined. Dogs that were alive 5 min after reperfusion were considered to be survivors. This time period of reperfusion allows the assessment of both survival and changes induced by the combined ischaemia and reperfusion insult.
At the end of the experiments the animals were given an overdose of the anaesthetic, and the hearts were rapidly excised and placed in ice-cold saline. Tissue samples were taken from the area supplied by the occluded LAD and from the non-ischaemic area supplied by the LCX (left circumflex) coronary artery for further analyses. In five control (SP + O) and seven paced (P + O) dogs, sampling was performed at the end of the 25 min occlusion period ( Figure 1 ).
The risk area following coronary artery occlusion was assessed by injecting Patent Blue V dye into the reoccluded artery using the same method that has been described in detail elsewhere [11] .
Immunofluorescence analysis
Immunofluorescence was used to determine changes in cellular distribution of Cx43. Small transmural tissue blocks (0.5 cm×0.5 cm×2.0 cm) sectioned from myocardial regions supplied by the LAD and the LCX branches of the left coronary artery were embedded in OCT compound, frozen in liquid nitrogen and stored at − 80
• C until processing. Longitudinal sections (8 μm thick) were cut from the mid myocardium in a cryostat (Leica) at − 20
• C, and the slices were mounted on gelatin-coated slides. After blocking in 5 % BSA, the samples were labelled overnight with a polyclonal rabbit anti-Cx43 antibody (1:800 dilution; Zymed Laboratories) at 4
• C and then incubated with WGA-Texas Red (1: 500 dilution; Invitrogen) for 30 min at room temperature (25 • C). Images were captured by a laser scanning confocal microscope (FV1000; Olympus) using a 40-fold magnifying objective. Well-preserved areas of myocytes were selected and analysed with ImageQuant 5.2 (Molecular Dynamics). The relative amount of Cx43 was calculated by measuring pixel intensities of intercalated discs with background correction. To compare differences in Cx43 signal intensities between groups, data obtained from each sample were normalized to the sample with the highest Cx43 signal intensity on each slide.
Immunoblot analysis
Changes in Cx43 protein expression and phosphorylation were assessed by Western blotting. The preparation and the determination of the concentration of membrane protein fraction were described previously [18, 24] . A similar procedure was used to obtain total protein content, except that the tissue homogenate was centrifuged at 10 000 g for 10 min, and in this case the primary antibody concentration was 1:1000. For the verification of equal loading, PVDF membranes were labelled against GAPDH (glyceraldehyde-3-phosphate dehydrogenase) for total protein content or stained with Coomassie Blue for membrane proteins. Blots were developed with the ECL ® Plus kit (Amersham Biosciences) and scanned with a Typhoon laser scanner (Amersham Biosciences). Band intensities were measured using ImageJ software (NIH), and the relative amount of phosphorylated and dephosphorylated Cx43 isoforms were expressed as a percentage of the total Cx43 protein content.
Determination of gap junctional metabolic coupling
Gap junctional metabolic coupling was evaluated by the measurement of tissue permeability using the 'doubledye loading' method as described in detail previously [18, 24] . In brief, freshly excised transmural tissue blocks from both the ischaemic and non-ischaemic ventricular walls were submerged in a mixture of LY (Lucifer Yellow; 1.5 mg/ml) and TD [TRITC (tetramethylrhodamine β-isothiocyanate)-dextran; 3.5 mg/ml; both dyes purchased from Sigma], fixed in PFA (paraformaldehyde) and cryosections (25 μm) prepared. Ten pairs of fluorescent images were taken from each sample with a CCD camera connected to an Olympus IX71 fluorescent microscope (Olympus). The ratio of LY and TD stained areas was calculated using the ImageJ software. GJ permeability within the ischaemic area was expressed as a percentage of permeability measured within the non-ischaemic wall region.
Assessment of mRNA transcription
Total RNA was isolated from tissue samples (25 mg of each heart) using the RNeasy Fibrous Tissue Mini Kit (Qiagen), according to the manufacturer's instruction. Quantitative PCR was performed on an ABI7000 instrument (Applied Biosystems) with gene specific primers using SybrGreen protocol as described earlier [26, 27] . Primers were designed using Primer Express Genes with expression values lower than 0.5 or higher than 1.5 were considered to be down-or up-regulated (the values correspond to an interval of log2 = − 1 and log2 = 0.6). All the PCRs were performed in triplicate.
Statistical analysis
All values are expressed as means + − S.E.M. Differences between groups were compared with Student's t test or ANOVA for repeated measures with Fisher post-hoc test, as appropriate. The number of VPB and of VT episodes and incidences of VT and VF as well as survival was compared between groups with Mann-Whitney U test and Fisher's exact test respectively. Differences between groups were considered significant at P < 0.05.
RESULTS
Haemodynamic changes following coronary artery occlusion
The haemodynamic changes are summarized in Table 1 . There were no significant differences between the control and paced dogs in the haemodynamic parameters at baseline. In control dogs, occlusion of the LAD resulted in significant decreases in arterial blood pressure, LVSP, positive and negative LV dP/dt max and increases in LVEDP and HR. These changes were similar in the paced dogs, except that the increase in LVEDP was somewhat less pronounced following coronary artery occlusion.
Severity of ventricular arrhythmias during coronary occlusion and reperfusion
The severity of ventricular arrhythmias during coronary occlusion and reperfusion is shown in Figure 2 . In control dogs occlusion of the LAD resulted in a large number of VPB (294 + − 78), and a high incidence (60 %) and many episodes of VT (7.4 + − 2.2). These arrhythmias were significantly reduced in dogs that had been subjected to cardiac pacing 24 h previously (VPB, 63 + − 25; VT incidence, 25 %; VT episodes, 1.1 + − 0.6). Although there were no differences between the two groups in the incidence of the occlusion-induced VF, survival from the combined ischaemia and reperfusion insult (calculated from dogs subjected to reperfusion) was significantly increased in the paced dogs (78 %) compared with the non-paced controls (20 %).
Distribution of VPB and changes in tissue impedance during a 25 min occlusion of the LAD
The distribution of VPB and changes in tissue impedance are shown in Figure 3 . In control dogs occlusion of the LAD resulted in an immediate increase in tissue resistivity and a decrease in phase angle accompanied by an increased number of VPB. These early rapid changes were apparent during the first 8 min of ischaemia (phase Ia), after which the ectopic activity decreased and changes in tissue impedance significantly slowed. Then, after approximately 13 min of the occlusion a second steeper rise in resistivity and decline in phase angle occurred and these changes were immediately followed by the re-appearance of VPB (phase Ib). In contrast, in dogs subjected to cardiac pacing 24 h before the occlusion, the changes in tissue impedance were significantly less pronounced over the entire occlusion period and the ectopic activity was almost completely abolished during phase Ib.
Changes in epicardial ST-segment and TAT during LAD occlusion
We used two other parameters to assess ischaemia severity during coronary artery occlusion; these were 
Changes in the distribution and the expression of Cx43 after cardiac pacing and coronary artery occlusion
In order to examine whether cardiac pacing results in changes in protein expression and in the distribution of Cx43, the membrane and total Cx43 contents were determined at various time intervals after cardiac pacing (time-course measurements; Figure 5 ), and also after coronary artery occlusion and reperfusion, 24 h after cardiac pacing ( Figure 6 ). Since in the SP dogs there were no significant differences in Cx43 signal intensities at the different time points, data obtained from 12 dogs were summed. Compared with this, in dogs subjected to pacing the total Cx43 content ( Figure 5B ) and also the immunofluorescence signal intensity of Cx43 in the intercalated discs of both the LAD and LCX supplied areas ( Figure 5A ) were unchanged up to 6 h after cardiac pacing, but these were significantly reduced 12 h following the pacing stimulus ( Figures 5A and 5D ). This loss in Cx43 protein content at 12 h was preceded by a down-regulation of mRNA transcription at 6 h ( Figure 5C ). However, the Cx43 mRNA transcription has already up-regulated 12 h after pacing and the Cx43 protein contents returned to normal within the next 12 h. Indeed, in samples taken 24 h after cardiac pacing (i.e. just prior to the occlusion), there were no significant differences between the paced and non-paced hearts as regards the total and membrane Cx43 contents ( Figures 5A, 5B and 5D) . In both the control (SP + O/R) and paced (P + O/R) groups a 25-min period of occlusion and reperfusion resulted in no significant changes in the membrane and total Cx43 contents compared with the pre-occlusion (SP and P-24) values ( Figure 6 ). The expression of Cx43 mRNA was also unchanged following such a combined ischaemia and reperfusion insult ( Figure 5C ). However, the immunofluorescence images showed that in control dogs, subjected only to occlusion or to a combined occlusion and reperfusion insult, the contour of the intercalated discs within the ischaemic (LAD) area became 'blurred', indicating a structural impairment of the end-to-end connections ( Figure 6C ). This dim in membrane density was particularly pronounced in samples taken 5 min after reperfusion. In contrast, in dogs paced 24 h previously, the integrity of the intercalated discs was still preserved after a 25-min occlusion and reperfusion insult ( Figure 6C ).
Changes in GJ permeability and Cx43 phosphorylation
Changes in GJ permeability and Cx43 phosphorylation were determined in samples taken from five control and seven paced dogs at the end of the occlusion period without reperfusion (Figure 1) . Occlusion of the LAD in control dogs reduced GJ permeability within the ischaemic area to 68 + − 3 % of the non-ischaemic value (100 + − 3 %). In dogs paced 24 h previously, this reduction was significantly less; the permeability within the occluded area was 97 + − 5 % of the non-ischaemic value.
The phosphorylation status of Cx43 following a 25-min ischaemia is illustrated in Figure 7 . Both in the control and paced groups, in the normal, non-ischaemic myocardium Cx43 was mostly present in phosphorylated form (phospho/dephospho ratio is 64/36 + − 2 % in both groups). This phospho/dephospho Cx43 ratio was shifted to approximately 46/54 + − 4 % in control dogs by the end of the occlusion, indicating that the Cx43 protein was substantially dephosphorylated. Cardiac pacing, performed even 24 h before the occlusion, preserved the phosphorylated form of Cx43 both within the normal and the ischaemic region; thus, the phospho/dephospho ratios were 61/39 + − 1 % and 62/38 + − 1 % respectively. 
Changes in ischaemia severity and arrhythmias in dogs subjected to coronary artery occlusion 12 h after cardiac pacing
Nine dogs were subjected to coronary artery occlusion 12 h after cardiac pacing in order to determine ischaemia and arrhythmia severities at a time point when Cx43 contents had been found to be reduced. In three out of these nine dogs, occlusion of the LAD resulted in only few ectopic beats (50 + − 11) and no VT during the occlusion period, and a further two dogs even survived rapid reperfusion. Six dogs, however, exhibited many VPB (211 + − 61) and episodes of VT (5.2 + − 2.7) that occurred particularly during the later period of the occlusion (i.e. between 13 and 25 min). These Ib phase
Figure 6 Changes in total (A) and membrane (B) Cx43 protein content with representative Western blots and confocal images (C) in control (SP) and in paced (P) dogs subjected only to a 25 min occlusion (SP + O and P + O) or to a similar period of occlusion and reperfusion (SP + O/R and P + O/R) of the LAD 24 h later
Although occlusion of the LAD did not substantially modify Cx43 protein contents in either of these groups, the immunofluorescence images (C) indicated signs of structural impairment of the intercalated discs (arrowheads) in control dogs, compared with paced dogs where the integrity of the end-to-end connections was preserved. The representative images were selected from average 20 captions per dog. Values are means + − S.E.M. calculated from three parallel samples in each dog.
arrhythmias were somewhat more marked than those obtained in the controls during the same occlusion period (VPB, 134 + − 46; VT episodes, 2.1 + − 1.1). Furthermore, two of these six dogs experienced VF during occlusion and none of them survived reperfusion. There were also more pronounced changes in tissue resistivity and phase angle in dogs paced 12 h before occlusion as compared either with controls or dogs paced 24 h previously (Figure 3 ). Although changes in epicardial ST segment did not differ significantly from controls (at 5 min of the occlusion, 17.5 + − 1.8 compared with 20.7 + − 2.4 mV; and at 20 min of the occlusion, 15.3 + − 3.0 compared with 16.4 + − 1.0 mV), the increases in TAT at the same time points were substantially higher in dogs paced 12 h before (120 + − 17 and 113 + − 9 ms) than in the non-paced controls (83 + − 9 and 89 + − 11 ms).
Area at risk
There were no significant differences in the area at risk among the groups, except the case of those three dogs which were paced 12 h before occlusion, and only few arrhythmias occurred during the combined occlusion and reperfusion insult. Thus in these dogs the risk area was 34 + − 2 % compared with 40 + − 2 % in the SP controls, 42 + − 3 % in dogs paced 24 h before occlusion and in six dogs subjected to pacing 12 h before occlusion.
DISCUSSION
There were two earlier observations that prompted us to design studies for the determination of the role of GJ in the delayed anti-arrhythmic effects of cardiac pacing. First, we had previous evidence that brief periods of rapid cardiac pacing through the right ventricle profoundly reduce the severity of those ventricular arrhythmias that occur when a coronary artery was occluded 24 h later [14] . Although the precise mechanism of this marked anti-arrhythmic protection is still not fully understood, we proposed that rapid pacing, for some reason, reduces the severity of ischaemia and of arrhythmias during a subsequent coronary artery occlusion [14, 28] . The most likely explanation was that pacing, like coronary artery occlusion itself, leads to the generation of endogenous substances, such as catecholamines, prostanoids, NO, etc. which then acting on their receptors, might induce protection by the activation of different signalling pathways [28] . For example, we had experimental evidence that NO plays a mandatory role in this protection, since the pacinginduced anti-arrhythmic effect was attenuated or even lost in the presence of inhibitors of iNOS (inducible NO synthase) [13, 15] . Secondly, we also had previous evidence that in the mechanisms of the early antiarrhythmic effect of ischaemic PC modulation of GJ plays a role [18] , and that NO might be one of those mediators which regulate gap junctional function [24] . Since there is increasing evidence that cardiac pacing can influence gap junctional function by interfering with the expression, cellular localization and phosphorylation of connexins, the main structural proteins of GJ [19] [20] [21] [22] [23] , we designed studies to examine whether GJ channels are part of the mechanisms which contribute to the delayed anti-arrhythmic effect of cardiac pacing. The present results demonstrate that the antiarrhythmic effect that results from cardiac pacing 24 h previously is associated with the modification of GJ function, occurring both prior to (i.e. between the pacing stimulus and the occlusion) and during the coronary artery occlusion. The evidence for this is the less pronounced changes in tissue electrical impedance and activation times determined in vivo during the coronary artery occlusion, as well as the preservation of GJ permeability, Cx43 phosphorylation and membrane integrity as assessed in vitro in tissue samples taken from the ischaemic myocardium either at the end of the occlusion period or soon after the reperfusion. Thus the marked electrical impedance changes, which occur in two phases during the course of the acute myocardial ischaemia, and of which the second phase is thought to play a role in the generation of phase Ib arrhythmias [9, 18] , were significantly reduced in dogs paced 24 h previously, indicating perhaps a slower rate of electrical uncoupling of GJ [7] in these dogs. Preservation of cellto-cell coupling, and thereby better impulse conduction, was also reflected by less marked increases in TAT (as determined from activation maps created from signals of 31 epicardial electrodes) within the ischaemic area in the paced dogs as compared with controls. Furthermore, the less pronounced ST-segment elevations (as assessed from ST maps) within the ischaemic area of the paced animals supported those previous observations that right ventricular pacing results in less severe ischaemic changes, 24 h later [14] .
Apart from these mainly indirect in vivo measures of gap junctional function [8, 18] , various in vitro methods have also been used to find a relationship between GJ and arrhythmias in the delayed phase of the protection. One of these is the assessment of the phosphorylation status of Cx43. There is evidence that PC preserves GJ function by preventing the dephosphorylation of Cx43 resulting from myocardial ischaemia [18, 29] . These studies, however, examined the early phase of the protection; there is, indeed, only one study that has just recently shown that activation of cardiac muscarinic M 3 receptors resulted in delayed protection by inhibiting the ischaemia-induced dephosphorylation of Cx43 [30] . The other studies, examining the role of GJ in the delayed phase of the protection, have focused primarily on changes in Cx43 content and distribution [31, 32] .
We have found that cardiac pacing 24 h prior to occlusion also preserved the phosphorylated form of Cx43 as well as gap junctional permeability during coronary artery occlusion. The shift towards dephosphorylation of Cx43 in ischaemic hearts was prevented by cardiac pacing; the phospho/dephospho ratio of Cx43 within the ischaemic LAD region in the paced hearts was, indeed, similar to that obtained in the LCX supplied normal myocardium ( Figure 7 ). We failed, however, to demonstrate any difference between the phosphorylated and dephosphorylated forms of Cx43 in samples taken from the control and paced hearts after reperfusion ( Figure 6B ). It has been shown that Cx43 dephosphorylation resulting from fairly short ischaemic periods (<30 min) rapidly recovers when the hearts are reperfused [33] .
We also failed to demonstrate any substantial changes in the total and membrane Cx43 contents following the 25 min period of ischaemia and reperfusion in both groups. A reason for this might be the relatively short (25 min) period of ischaemia. There is evidence for marked dephosphorylation following a 40-min period of global ischaemia without a net loss in total Cx43 protein content [34] .
We observed, however, changes in Cx43 signals on the immunofluorescence images following coronary artery occlusion and reperfusion. There were apparent signs of structural alterations around the intercalated discs in heart samples taken from the ischaemic (LAD) region of control animals either at the end of the occlusion period or 5 min after reperfusion. In both cases, the contour of the discs became 'blurred', which was particularly pronounced in myocardial samples taken following reperfusion. We suppose that this dim in membrane density indicates the appearance of early ultrastructural changes of the end-to-end connections, such as membrane disruption or Cx43 internalization [34, 35] , but the determination of the underlying causes of these changes, which might associate with modification in connexin turnover [35, 36] , requires specific investigations, for example, the measurement of ubiquitinated Cx43 [19, 36] . Whatever the mechanism of this phenomenon, it seems that pacing attenuates these ultrastructural changes, since in samples obtained from hearts of paced dogs the integrity of the intercalated discs was preserved both during occlusion and also following reperfusion ( Figure 6C ). This finding suggests that pacing may interfere with connexin turnover, perhaps through the modification of connexin expression and degradation [19] . The pacing-induced facilitation of de novo Cx43 protein synthesis [37] as well as the slower rate of degradation of GJ [19] may provide a basis for the preservation of cellular integrity and explain the better electrical and metabolic coupling between cells during ischaemia and reperfusion. Further studies using drugs that selectively block GJ would provide additional evidence that pacing preserves GJ function and that this contributes to the delayed, pacing-induced, protection against arrhythmias.
One other finding of interest was that cardiac pacing itself resulted in time-dependent changes in Cx43 expression both at mRNA and protein levels. Twelve hours after pacing the total protein content almost halved, and this was preceded, 6 h earlier, by down-regulation of Cx43 mRNA transcription. Although we do not know how cardiac pacing results in modification in gene and protein expression, we speculate that perhaps endogenous substances, generated and released during the pacing stimulus may play a role. One such substance might be NO which is undoubtedly involved in both the early and delayed anti-arrhythmic effect of PC [13, 15, 16, 38] , and, as we have shown, is able to modulate GJ function [24] . Although a direct link between NO and Cx43 is still not fully understood, there is some evidence that NO can regulate Cx43 gene and protein expression in both myocardial and non-myocardial tissues [39, 40] .
For example, it has been found that NO, derived from NO donors, improves gap junctional intercellular communication by increasing the expression of Cx43 [41] and incorporation of connexins into the plasma membrane [42] . On the other hand, increased NO production from iNOS reduced myocardial Cx43 protein expression in in vivo mice [39] and rat [43] hearts. Thus we presume that the pacing-induced NO generation, which is sensitive to iNOS inhibition [13, 15] , may play a role in the control of Cx43 protein expression. Whatever the explanation for the decrease in Cx43 protein content 12 h after cardiac pacing, this process seems to be transient; i.e. 12 h after this stimulus the expression of Cx43 mRNA has already up-regulated, and this was followed by an increase in Cx43 protein content within the next 12 h ( Figure 5 ). Indeed, 24 h after pacing (i.e. just prior to the occlusion), there were no significant differences between the paced and non-paced groups with respect to the total and membrane Cx43 protein contents. Furthermore, in contrast with others, using more prolonged periods of overdrive pacing in mouse [19] and in rat isolated hearts [20] , we did not observe redistribution (lateralization) and change in phosphorylation of Cx43 at any time point following the 4 and 5 min periods of right ventricular pacing.
If cardiac pacing results in time-dependent alterations in Cx43 mRNA gene expression and protein contents how these do relate to changes in gap junctional function and to the generation of arrhythmias? We have described previously the time course of protection against ischaemia and reperfusion-induced ventricular arrhythmias that resulted from rapid cardiac pacing [14] . We showed that a marked protection against these arrhythmias occurred 5 min after the cessation of pacing and also when the time interval between the pacing stimulus and the occlusion was extended to 24 h [14] . However, the protection attenuated at 15 min, and was completely lost when 1 or 6 h elapsed between the last pacing period and the occlusion [14] . In this study, the severity of the ischaemia-and reperfusion-induced arrhythmias was not determined 12 h after pacing, when, as we have now shown, the Cx43 protein expression was markedly reduced. Therefore, in a separate group of nine dogs, we performed the coronary artery occlusion 12 h after pacing and the severity of ischaemia and of arrhythmias as well as changes in tissue impedance were determined. In six of these nine dogs, more severe ischaemic changes and arrhythmias occurred during coronary artery occlusion as compared with the control non-paced dogs. In these dogs, there were a large number of VPB and many episodes of VT, particularly during phase Ib, which was just preceded by a steep increase in resistivity and a marked decline in phase angle (Figure 3) , indicators of rapid gap junctional uncoupling [9] . Two of these dogs exhibited fatal VF during the occlusion period and none of the remaining ones survived reperfusion. It should be noted that in three out of the nine dogs subjected to coronary artery occlusion 12 h after pacing, there were only a few ectopic beats during the occlusion, and even two of these survived the rapid reperfusion. In these dogs, the area at risk was, however, significantly less than in any of the other groups.
Although a direct link between the reduced expression and content of this principal GJ structure protein Cx43 and the loss of the anti-arrhythmic protection can still be questioned, the fact that these occur simultaneously 12 h after pacing supports a possible relationship between them. These findings might have a particular clinical importance by pointing out a possibility that following a PC stimulus, such as cardiac pacing or heavy physical exercise [16, 44, 45] , there might be a time interval during which ischaemia may trigger a severe or even fatal cardiac event. We assume that this may result from a reduction in Cx43 protein expression which may contribute to an increase in the rate of GJ uncoupling during myocardial ischaemia. In contrast, restoration of Cx43 expression and protein levels 24 h after cardiac pacing may play a role in the preservation of membrane integrity and GJ function in the intercalated discs, resulting in less marked GJ uncoupling and arrhythmias when the heart is subjected to a sudden coronary artery occlusion and reperfusion.
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